ABSTRACT A prospective randomized trial was conducted to evaluate the effects of exercise-based cardiac rehabilitation after myocardial revascularization surgery (MRS) on work capacity (measured in mets) and left ventricular function as determined from ejection fraction (LVEF). Twenty-eight patients undergoing MRS were randomly assigned to experimental (aerobic exercise, n = 19) or control (muscle relaxation and low-level exercise, n = 9) groups. Patients were studied before surgery (T1) and 2 (T2), 8 (T3), and 24 (T4) weeks after surgery with first-pass radionuclide angiography both while they were at rest and during maximal upright cycle ergometric exercise. Subsets of patients were also studied at T2, T3, and T4 at a standard workload of 75 W, and during maximal exercise 1 year after surgery (T5). Work capacity improved in both groups although significantly more so in the experimental group (3.9, 3.8, 6.0, and 7.3 mets and 3.7, 3.7, 4.9, and 5.7 mets at TI, T2, T3, and T4 in the experimental and control groups, respectively). The differences between groups were significant by T3. Peak exercise LVEF increased significantly in both groups from T1 to T2 then decreased at T3 and remained unchanged through T5. Peak exercise LVEF at T3 to T5 remained significantly above that observed at T 1. LVEF responses were not related to the exercise program. During a standard workload, heart rate decreased, blood pressure increased, and LVEF did not change in either group. After conclusion of the formal protocol (T4), work capacity and LVEF did not change for either group throughout an additional 6 months (T5). We conclude that exercise training significantly enhances both the magnitude and rate of the increase in work capacity after MRS, but that peak exercise LVEF is not influenced by the exercise program. Circulation 69, No. 4, 748-755, 1984. THE GROWTH of rehabilitation programs for patients with cardiovascular disease has been impressive during the 25 years since Hellerstein and Ford first presented "an orderly plan for the rehabilitation of the patient with heart disease. 12 have demonstrated that LVEF fails to change as a result of exercise training, despite a large change in work capacity. Also, the effect of exercise-based rehabilitation in an increasing number of patients after myocardial revascularization surgery (MRS) has been very inadequately documented. It could be hypothesized that since myocardial perfusion is relatively normal in these patients, the response to training might be different than that observed in patients with exercise-induced myocardial ischemia. CIRCULATION 
THE GROWTH of rehabilitation programs for patients with cardiovascular disease has been impressive during the 25 years since Hellerstein and Ford first presented "an orderly plan for the rehabilitation of the patient with heart disease. "' Exercise-based rehabilitation programs have a demonstrated beneficial effect on clinical status, as evidenced by improved work capacity,2' 3reduction in incidence of attacks of angina pectoris,4 and indications of a reduction in rates of morbidity/mortality.5 6 Their effect on left ventricular function, which is an important prognosticator of sur-vival in coronary disease,' is not clear. Verani 12 have demonstrated that LVEF fails to change as a result of exercise training, despite a large change in work capacity. Also, the effect of exercise-based rehabilitation in an increasing number of patients after myocardial revascularization surgery (MRS) has been very inadequately documented. It could be hypothesized that since myocardial perfusion is relatively normal in these patients, the response to training might be different than that observed in patients with exercise-induced myocardial ischemia.
Cockerell et al. ' 3 demonstrated that exercise LVEF decreases during the 9 weeks after hospital discharge following MRS. Since few of the longitudinal studies of cardiac rehabilitation patients have been appropriately controlled, the effects of exercise have not been clearly demonstrated. The normal healing process after MRS or myocardial infarction might just as defensibly be postulated to be a mechanism of recovery.
Accordingly, the purpose of our investigation was to evaluate the effects of an exercise-based rehabilitation program on the return of work capacity and on left ventricular function in patients after MRS. This investigation was conducted prospectively with patients randomly assigned to either an experimental (exercisebased rehabilitation program) or a control (muscle relaxation and low-level exercise) group.
Methods
Patient population. The subjects for this investigation were 28 patients referred for outpatient cardiac rehabilitation after MRS (aortocoronary saphenous vein bypass grafts and internal mammary coronary artery bypass grafts). They represent a subset of a larger population of patients undergoing rehabilitation over a 2 year period. Only patients unwilling or unable to enter the protocol (mostly because of unwillingness to be randomly assigned to a control group or because of geographic distance from the medical center), and patients with physicians unwilling to participate in the protocol were excluded from study; they received standard care. '4 The population included in this study was further restricted to patients able to complete the 6 month protocol without an intervening clinical episode or attendance of less than 75%. Thus, the population described in this protocol represents well-selected patients who also demonstrated excellent adherence to the experimental protocol. Some averaged 19.7 + 5.2 min at 1.7 + 0.4 mph at hospital discharge. Ambulation in the control group was limited to a maximum duration of 10 min and averaged 10.0 + 0.0 min at 1.6 + 0.4 mph at hospital discharge. During the outpatient phase of rehabilitation, exercise duration was increased in increments as tolerated in the experimental group and was divided between treadmill ambulation (2/3) and cycle ergometry (1/3). The control group was limited to a maximum duration of 15 min of treadmill ambulation at the intensity performed at the time of entry into the outpatient program. The low-level exercise in the control group did not exceed 60% of the maximal heart rate reserve. The average exercise load in terms of average duration, percent of heart rate reserve, and kilocalorie'8 expenditure is presented in figure 1 .
Exercise testing. Graded exercise testing was performed on an electrically braked cycle ergometer and done in conjunction with the evaluation of LVEF by radionuclide angiography. Exercise commenced at a workload of 25 W and was increased in 25 W increments every 2 min. The pedaling cadence was maintained within a range of 50 to 70 rpm. Exercise was performed with the patient in the upright position and was continued until symptoms (fatigue, 3 + 19 angina, undue dyspnea, lightheadedness, claudication, cerebral symptoms) or signs (3 mm ST depression over resting, significant ectopic activity, inappropriate blood pressure response) became apparent. The electrocardiogram (lead V5) was monitored continuously and was recorded at the end of each exercise stage, at the termination of the test, and at other times as indicated clinically. Blood pressure was measured by auscultation at the end of each exercise stage, at the termination of the test, and at 5 min after exercise. Work capacity was estimated from the duration of exercise, as described previously. 20 The estimated maximal oxygen uptake was normalized to the patient's body weight (3.5 ml/kg X min-1) and expressed as a multiple of the average resting metabolic rate (met). Radionuclide angiography. First-pass radionuclide angiograms were obtained with a computerized multicrystal gamma scintillation camera (Baird System 77, Bedford, MA), as described previously.2' Resting studies were always completed before exercise studies and all exercise studies were performed while the patients continued to pedal the ergometer. DTPA Tc 99m was used in all studies and was given as a bolus of 20 mCi. All patients were studied at rest and during peak exercise at each testing period and all studies were obtained with the patient upright and in the right anterior oblique projection. Also, patients who achieved a workload of 75 W during T2 were studied during submaximal exercise at this workload during T3 and T4 to evaluate the effects of exercise training on left ventricular function during submaximal exercise. LVEF was computed by conventional methods.2' Segmental wall motion was independently evaluated by three observers from the regional distribution of ejection fraction image and according to principles outlined by Okada et al. 22 Briefly, the left ventricular image was divided into three segments (anterolateral, apical, and inferior) and wall motion was graded as ranging from normal ( + 3) to dyskinetic (-l). The sum of the wall motion scores for the three segments was taken as the wall motion score for that study.
Statistical analysis. The data were analyzed with analysis of variance for a treatments-by-trials design. When significant differences were indicated by the analysis of variance, pairwise comparisons were made with t tests. A p value of less than or equal to .05 was accepted as statistically significant. The primary statistical analysis was of the group of patients studied in TI through T4. Other analyses, particularly of the larger set of patients studied in T2 through T4, were taken to be complementary to the primary analysis.
Results
The clinical protocol was well tolerated by all patients. Of the 40 patients originally randomly assigned to a group, 28 finished the 6 month rehabilitation protocol. Seven of the 12 dropped out primarily for reasons of geographic inconvenience, two because of orthopedic complications, one because of a return of limiting angina pectoris, and two because they refused to remain in the control group for the duration of the study. Summary results in patients studied at Tl through T4 are presented in table 2. Results of the larger group of patients studied at T2 through T4 only are presented in table 3.
Resting hemodynamics. Both experimental and control group patients had tachycardia while at rest and blood pressures at hospital discharge that were reduced compared with preoperative values. Both resting heart rate and blood pressure returned toward preoperative values by T4. The resting bradycardia usually observed in response to training was not evident in the present investigation, although resting heart rate measured during first-pass radionuclide angiographic studies does not represent that under truly basal conditions. Exercise hemodynamics. Peak heart rate increased in both groups throughout the trial, but it appeared to
Responses (mean ± SD) at rest and peak exercise in patients studied before (Ti) and at 2 (T2), figure 2 . Left ventricular function. Resting LVEF increased slightly, but significantly, in both groups after surgery and remained elevated throughout the protocol. The wall motion score at rest was also slightly improved after surgery. LVEF during peak exercise increased significantly after surgery, then decreased from T2 to T3 and remained unchanged to T4. The exercise LVEF values at T3 and T4 were significantly greater than those observed before surgery for the remainder of the protocol. Similar results were observed with regard to changes in the wall motion score, so that differences between the rehabilitation programs were not reflected by differences in either LVEF or wall motion. Changes in peak exercise LVEF are also depicted in figure 2.
Responses to standard workload. Responses during exercise at a standard workload of 75 W are presented in table 4. Heart rate declined significantly and equally in both groups. Systolic blood pressure tended to increase equally in both groups, although the results were confounded by a radical increase in blood pressure in one Only four of 14 patients in the exercise group demonstrated good compliance with their exercise prescription, although all reported that they were more active than they had been before surgery. Two of three patients in the control group had begun significant amounts of aerobic exercise since they finished the formal protocol. Responses during the exercise radionuclide angiographic study are presented in table 5 . Hemodynamic and ventricular function parameters were, with the exception of heart rate, generally unchanged in both groups; mean maximal heart rate declined in the control subjects as a consequence of one subject starting propranolol therapy after T4 for control of ventricular arrhythmias. Work capacity declined in the exercise group and remained unchanged in the control group.
Hemoglobin and hematocrit. Hematocrit and hemoglobin varied significantly during the protocol. Hematocrit was 44.2%, 31.9%, 39.4%, and 43.1% vs 43.0%, 36. 1%, 41l.1%, and 43.2% at T1, T2, T3, and T4 in the exercise vs control group, respectively. Hemoglobin averaged 14.5, 11.9, 13.7, and 14.7 g/100 ml vs 14.7, 10.9, 13.2 and 14.5 g/l100 ml in the same groups, respectively.
Discussion
The results of this investigation suggest that the increase in work capacity after MRS is to some degree dependent on the healing process after the trauma of surgery. This also suggests that the hemodynamic improvement that results from successful revascularization produces an enhanced work capacity independent of systematic exercise. This is consistent with the findings of Frick et al.,23 who reported enhanced work capacity in patients 6 to 12 months after MRS but no change in a randomly assigned control group of patients treated medically. While the results of our investigation agree with those of the many studies demon- In summary the results of this prospective randomized investigation indicate that a structured rehabilitation program significantly augments the increase in work capacity after MRS. However, responses of the control group suggest that the healing process may include spontaneous increases in work capacity of considerable magnitude. These observations indicate the critical importance of a control group in intervention studies. The results of this study also indicate that LVEF is not systematically influenced by rehabilitation exercise. Changes in exercise LVEF are dramatic after MRS and tend to be exaggerated immediately after surgery so that LVEF responses measured 8 weeks after surgery may be more valid. The mechanism of the enhanced work capacity resulting from rehabilitation remains unclear.
